ABSTRACT Periodic sampling of 30 independent monitors, initially active with the Formosan subterranean termite, Coptotermes formosanus Shiraki, was conducted to evaluate the effects of soil treated with imidacloprid on nearby termite activity. Monitors were located adjacent (1Ð3 m) to the buildings. Soil around and under the buildings was treated with 0.05% imidacloprid. None of the termites collected showed latent mortality attributed to imidacloprid intoxication. Imidacloprid soil treatments did not measurably reduce C. formosanus populations adjacent to the treatments. Imidacloprid does not seem to Þt the liquid-bait model.
Number of workers collected from each monitor was estimated by subtracting the total weight of soldiers and brachypterous nymphs from the total weight of collected termites (individual weights calculated by weighing four groups of 10 workers, soldiers, and brachypterous nymphs). Mean number of workers per building per collection date (from July 2000 to July 2002) was calculated by dividing number of workers collected by number of monitors per building and analyzed using analysis of variance (ANOVA) (PROC GLM, SAS Institute 1990) . Means were separated using a least signiÞcant difference (LSD) test (P Ͻ 0.05; PROC GLM, SAS Institute 1990). Proportion of monitors with termites per building per collection date (from June 2001 to December 2001) was calculated by dividing the number of monitors with termites by the total number of monitors around a particular building, transformed by arcsine square root, and analyzed using ANOVA (PROC GLM, SAS Institute 1990). Means were separated using a LSD test (P Ͻ 0.05; PROC GLM, SAS Institute 1990) with the actual proportion reported in the tables. Posttreatment mean proportion of monitors with termites, by building, all dates combined, was transformed by arcsine square root and analyzed by ANOVA with means separated using a LSD test (P Ͻ 0.05; PROC GLM, SAS Institute 1990) with actual proportion reported in table.
Soil Residues. Soil was collected Ϸ1 yr posttreatment (May 2002) with a LaMotte (Chestertown, MD) soil sampler (2.54 cm i.d. by 25.4 cm in height) to a depth of Ϸ15 cm at a distance Ϸ15 cm from the foundation of each side of the four treated structures to obtain Ϸ1 liter of soil for each structure. Soil from the different sides of a speciÞc structure was mixed uniformly. Soil was held in mason jars in the dark at room temperature (26.7 Ϯ 1ЊC). An additional treatment of soil from the Cove, spiked with 50 ppm (wt: wt) imidacloprid, was included. Spiked soil was prepared by dissolving imidacloprid in 150 ml of acetone, which was used to cover 130 g of substrate in a mason jar. The acetone was allowed to evaporate from the substrate with periodic stirring over a period of 7 d. Soil samples were evaluated for pesticide residues by Department of Agricultural Chemistry, Agricultural Experiment Station, Louisiana State University. Additional residue analysis of soil samples collected at this same time was conducted on October 2002. Soil residues were evaluated for the presence of the following chemicals: imidacloprid, permethrin, cypermethrin, Þpronil, chlorpyrifos, and chlordane.
Standard operating procedures for imidacloprid extraction was accomplished with an acetonitrile shake and analyzed for imidacloprid on high-performance liquid chromatography. For imidacloprid, a soil sample was prepared by drying it on a sheet of aluminum foil under a hood and then grinding. To a 25-g soil sample was added 100 ml of acetonitrile, shaken on a mechanical shaker for 2 h or overnight. The sample was Þltered into a ßask, and the ßask was rinsed with acetonitrile as needed. Volume was reduced on a water bath to Ϸ2 to 3 ml. The detection instrument was a chromatograph consisting of a Waters 600E foursolvent pumping system with a Waters 717 auto sampler and a Waters 996 photodiode array detector (Waters, Milford, MA). The mobile phase was 60:40 acetonitrile/water isocratic. Flow was 1.5 ml/min. The column was an ODS-2 (C18) with a UV 270-nm wavelength detector. Column temperature was ambient with an injection amount of 20 l. The analytic lab included one spiked sample of 25 g of soil extracted in the same manner after 1-ml spiking level at 10 times the working standard level.
Samples were extracted for permethrin, cypermethrin, Þpronil, chlorpyrifos, and chlordane on a Dionex ASE by using ethyl acetate. A gas chromatograph with an electron capture detector (GC-ECD) was used for chlordane, Þpronil, chlorpyrifos, permethrin, and cypermethrin. GC-NPD (nitrogen phosphate detector) was used to clarify chlorpyrifos analysis. GC-MSD (mass spectrophotometer) was used for conÞrmation of chlordane and permethrin and to conÞrm the absence of Þpronil and chlorpyrifos. The gas chromatograph was a HewlettÐPackard model 6890, auto sampler #7683. Chem Station data analysis software and a capillary column model number Restek Rtx-CLPesticides, 30 m by 0.25 mm, 0.25 df column (maximum temperature 340 C, length 30.0 m diameter 250.0 m, initial ßow 2.0 ml/min, nominal initial pressure 22.39 psi, average velocity 43 cm/s) were used.
Lethal Effects of Treated Soil. Soil was collected as described above. Twenty grams of soil was placed in a 90-mm glass petri dish and moistened to 15% with water. One hundred workers (third instars or older), as determined by size, and 10 soldiers were placed on the soil. Treatments consisted of soils obtained from the four treated buildings (Ad. Cove, U.C., and C.A.). An additional treatment of soil from the Cove, spiked with 50 ppm (wt:wt) imidacloprid was included. Spiked soil was prepared as described above. The acetone was allowed to evaporate from the substrate with periodic stirring over a period of 7 d. Controls (untreated substrates) consisted of potting soil and sand, respectively. It has been previously determined that acetone treatments of substrates have no discernible effect on termites after the acetone has evaporated. Each treatment was replicated four times with termites originating from four different colonies. Cumulative mortality (mean percentage and SD) was calculated for each treatment. Treatments from the same time were compared using ANOVA after transformation by the arcsine square root proportion mortality. Means were separated using FisherÕs least-signiÞcant difference (LSD) multiple range test (P ϭ 0.05) (SAS Institute 1990). Actual percentage of mortality is reported in the tables.
Termite Penetration into Treated Substrates. Bioassays were conducted in glass tubes (1.4 cm i.d. by 15 cm in height) with 5-cm segments of a centrally placed substrate contained on each end with 1 cm of 7% agar (Su and Scheffrahn 1990) . Two wooden sticks and a strip of Þlter paper were placed into the 5-cm space at the bottom of the vertically placed tube. Fifty workers (third instars or older), as determined by size, and Þve soldiers were placed in the bottom space of four similarly prepared glass tubes (replicates). Filter paper was placed in the top void of the tube. Tubes were sealed at both ends with plastic caps and aluminum foil modiÞed with pinholes for aeration. Substrates from the four treated buildings were tested along with control substrates of both sand and soil. Additionally, both sand and soil substrates containing 0, 1, 5, and 50 ppm imidacloprid were tested (wt:wt). Imidacloprid was added to the substrates in acetone, and the acetone was then allowed to evaporate with periodic stirring as described above. Substrate moisture was adjusted to 15%. Control substrates were moistened but not treated with insecticide. Substrates tested were sand (Standard Sand and Silica Company, Davenport, FL) and potting soil (Scotts Company, Marysville, OH). Organic matter in potting soil was Ϸ7% as determined by the Walkly-Black (Jackson 1958 ) wet digestion method (Louisiana State University Soil Testing Laboratory, Baton Rouge, LA) with 3.3, 66.7, and 30.0% sand, silt, and clay, respectively. Substrates were chosen because of their different afÞnities for absorption and adsorption of insecticides (Harris 1972) . These substrates were near neutral (ϷpH 6), as determined qualitatively with pH paper. Samples were held at 26.7 Ϯ 1ЊC and Ϸ100% RH. Termite penetration (0 Ð5 cm) was evaluated, and termite mortality was estimated daily for 7 d with the treated building substrates, and 13 d for the doseÐresponse sand and potting soil substrates. Absolute termite mortality was determined at the end of the experiments, 7 or 13 d.
Cumulative penetration and mortality (mean percentage and SD) were calculated for each treatment. Treatments from the same time were compared using ANOVA after transformation by the arcsine square root proportion penetration or mortality. Means were separated using FisherÕs LSD multiple range test (P ϭ 0.05) (SAS Institute 1990). Actual percentage of penetration or mortality is reported in tables and Þgures. 
df ϭ 3, 18 df ϭ 3, 18 df ϭ 3, 18 df ϭ 3, 18 df ϭ 3, 18 df ϭ 3, 18 df ϭ 3, 18 P ϭ 0.875 P ϭ 0.841 P ϭ 0.273 P ϭ 0.408 P ϭ 0.121 P Ͻ 0.001 P ϭ 0.088 P ϭ 0.786
Means followed by the same letter are not signiÞcantly different (P Ͻ 0.05; LSD).
Results and Discussion Independent Monitors. None of the diagnostic behavioral changes and latent mortality attributed to imidacloprid intoxication were observed from C. formosanus collected from monitors and maintained in the laboratory (Boucias et al. 1996 , Ramakrishnan et al. 2000 , Thorne and Breisch 2001 , Osbrink and Lax 2003 . No obvious difference occurred in the total number of termites captured from independent monitors pre-or posttreatment in treated and untreated buildings ( (Table 2) . Thus, imidacloprid soil treatments did not measurably reduce C. formosanus populations adjacent to the treatments. These results are similar to the Þndings of Potter and Hillery (2002) .
Soil Residue. After 1 yr, imidacloprid residues were not detectable (at 0.05 ppm) in soil collected from the Ad. and U.C. (Table 3 ). Imidacloprid was detected at low levels in the soil from the C.A. (0.08 ppm) and Cove (1.54). The analytical protocols are validated by the recovery of imidacloprid from Cove soil at 40 ppm when it was spiked with 50 ppm imidacloprid (Table  3) . Wagner et al. (2005) reported loss of imidacloprid activity in Mississippi after 1 yr in the Forest Service ground board test at twice the rate applied in this study. ImidaclopridÕs 510 ppm water solubility is much higher than that of other termiticides (Nemeth-Konda et al. 2002) . Possibly the Ϸ60 cm of rainfall in 2001 
Means within a column with the same letter are not signiÞcantly different (P ϭ 0.05l; LSD). a One hundred workers (third instar or older) and 10 soldiers per replicate were used, with four replicates.
( Fig. 3) may have contributed to the loss of imidacloprid around the treated buildings. Although Baskaran et al. (1999) claims moisture has little effect on imidacloprid degradation, little information exists on the fate of imidacloprid in soil (Cox et al. 1997 (Cox et al. , 1998 . It was shown by Junior et al. (2004) that the highest concentration of imidacloprid was found in drain water during the Þrst drainage event after application. Julien et al. (1996) also found detectable residues of imidacloprid in runoff water from test plots. Furthermore, microbial degradation also can remove imidacloprid from soil (Rouchaud et al. 1994, Leib and Jarrett 2003) . Variability in the permethrin and chlordane residues found in the repeated Cove samples is attributed to the heterogeneous nature of soil (Table  3) . Chlordane residues were detected in all soils obtained from around the treated structures, with the highest being 319 ppm chlordane obtained from the U.C. Lethal Effects of Treated Soil. Mortality of 100% occurred on all soils collected from around the treated buildings (Table 4 ). The most rapid mortality oc- df ϭ 6, 21 df ϭ 6, 21 df ϭ 6, 21 df ϭ 6, 21 df ϭ 6, 21 df ϭ 6, 21
Means within a column with the same letter are not signiÞcantly different (P ϭ 0.05; LSD). a One hundred workers (third instar or older) and 10 soldiers per replicate were used, with four replicates.
curred on soil from the U.C. (with Ͼ300 ppm chlordane [ Table 3 ] and spiked soil [50 ppm imidacloprid] from the Cove, with 100% mortality by day 2. Termite Penetration into Treated Substrates. As with the plate test, 100% mortality occurred in all tube tests containing soil from the perimeter of treated buildings with the most rapid mortality occurring in the U.C (Table 5 ; Fig. 4 ) with 100% mortality by day 3. Additionally, mortality in the imidacloprid-spiked Cove soil was delayed 3 d longer compared with forced exposure to the same treatment in the plate test. Thus, the presence of imidacloprid in a choice tube bioassay delayed the occurrence of mortality compared with the forced exposure of the plate test. There was 100% penetration through all substrates by 3 d with the exception of the imidacloprid-spiked Cove soil, in which only 65% penetration occurred (Table 6 ; Fig. 4) . Thus, the termites were either avoiding contact with the imidacloprid-spiked Cove soil or the termites became intoxicated so rapidly that they stopped penetrating the soil. Imidacloprid intoxication has been reported to occur in termites within several hours (Boucias et al. 1996, Thorne and Breisch 2001) .
The doseÐresponse tube tests with imidacloprid by using two substrates showed 100% mortality only at the highest rate (50 ppm) after 13 d (Table 7 ; Fig. 5 ). Penetration was signiÞcantly inhibited at 5 and 50 ppm in sand and at 50 ppm in soil (Table 8 ; Fig. 5 ). Sand was only 40.5% penetrated and 5.5% penetrated at 5 and 50 ppm, respectively. Soil was penetrated 95.0 and 50.5% at 5 and 50 ppm imidacloprid, respectively (Table 8 ; Fig. 5 ). Sand retains more of the toxicant on the particleÕs surface than the other substrates (Osmun 1956 , Harris 1972 , Smith and Rust 1993 , Osbrink and Lax 2003 . Thus, although 50 ppm in the plate test caused 100% mortality in 2 d, in the tube choice test it took 13 d to cause 100% mortality. The presence of imidacloprid also inhibited the penetration of the substrates at 5 and 50 ppm. Thus, C. formosanus is detecting and/or being rapidly immobilized (within hours) by the presence of imidacloprid.
In this study, the inability of imidacloprid to have a detectable effect on termite populations within meters of the treatments, coupled with the inability of the termites to penetrate substrates treated even at low levels indicates that this compound does not fulÞll the criteria to Þt the model of being a slow-acting and nonrepellent termiticide (Potter and Hillery 2002, Thorne and Breisch 2001) . The rapid rate of intoxication of termites by imidacloprid (Boucias et al. 1996, Thorne and Breisch 2001) makes it fast acting, even when mortality is delayed. It also must be noted that even if a chemistry Þts the liquid-bait model of being nonrepellent and slow acting, the history of the substrate onto which it is applied must be taken into consideration. If a nonrepellent compound is placed df ϭ 6, 21 df ϭ 6, 21 df ϭ 6, 21 df ϭ 6, 21 df ϭ 6, 21 df ϭ 6, 21 P Ͻ 0.0001 P ϭ 0.0015 P ϭ 0.0018
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Means within a column with the same letter are not signiÞcantly different (P ϭ 0.05; LSD). a Fifty workers (third instar or older) and Þve soldiers per replicate were used, with four replicates.
onto a substrate that contains repellent residues, the substrate will remain repellent. Another factor that has contributed to the success of some chitin synthesis inhibitors for termite population management and must be included in the liquid-bait model is the importance for the lethal time of an active ingredient to be dose independent (Su 2003; Su et al. 1982 Su et al. , 1995 . The amount of toxicant absorbed by the termite is dependent on residence time spent in contact with the treated substrate, the amount of bait eaten, or the 50.5 Ϯ 9.2b 50.5 Ϯ 9.2b 50.5 Ϯ 9.2b 50.5 Ϯ 9.2b 50.5 Ϯ 9.2b 50.5 Ϯ 9.2b 50.5 Ϯ 9.2b F ϭ 37.98 F ϭ 47.06 F ϭ 53.54 F ϭ 20.44 F ϭ 53.54 F ϭ 62.30 F ϭ 62.30 df ϭ 7, 24 df ϭ 7, 24 df ϭ 7, 24 df ϭ 7, 24 df ϭ 7, 24 df ϭ 7, 24 df ϭ 7, 24 P Ͻ 0.0001 P Ͻ 0.0001 P Ͻ 0.0001 P Ͻ 0.0001 P Ͻ 0.0001 P Ͻ 0.0001 P Ͻ 0.0001
amount of chemical transferred through the colony, and is beyond the control of the applicator of the treatment (Su 2003) . Continued research into the most cost effective and environmentally friendly management strategies to suppress or eliminate termite populations should continue.
